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6 The present invention relates to waveguides and methods 

7 of making same, and more particularly to a flexible, rugged 

8 waveguide comprising a photonic, bandgap, hollow fiber, 

9 transmitting in the infrared and visible regions. 

io jh;jf J&fX 

'.11- BACKGROUND OF "THE INVENTION 

12 

13 The flexible waveguide of this invention is based upon 

14 technology disclosed in United States Patent Nos. 5,815,627; 

15 issued: September 29, 1998; 5,567,471, issued: October 22, 

16 1996; and 5, 44-0, 664; issued: August 8, 1995, which technology 

17 and teachings are meant to be incorporated herein by way of 

18 reference. The aforementioned waveguide inventions have a 

19 common inventor, James Harrington, and a common assignee, 

20 Rutgers University. In aforementioned United States Patent No. 

21 5,815,627, It was taught that waveguides are capable of 

22 guiding both IR and visible radiation. This is also a • 

23 distinguishing feature of this invention. This invention, 
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24 however, has fabricated a waveguide that can be tailored for 

25 use over a wide wavelength range by the use of multiple, 

26 uniform, film coatings deposited by liquid phase chemistry 

27 methods. The coatings of the inventive waveguide have an 

28 additive, are fabricated by an additive technique rather than 

29 a subtractive method, i.e. the former Ag layer as taught in 

30 the aforementioned patents, was originally depleted in part, 

31 with the establishment of the Agl layer. The Agl layer is 

32 totally absent in the present application. Even the Ag layer 

33 is only present in one embodiment thereof, and is but one 
<34 selection of other metals" used for the metallic underlay. 

35 

36 This invention utilizes dielectric layers of sulfide 

37 materials, which are built in stacked geometries to fashion 

38 unique waveguide structures. 
39 

40 The waveguides of the present invention can be fabricated 

41 in one of two novel ways: 
42 

43 (a) The dielectric layers of cadmium and lead 

44 sulfide can be applied directly to the smooth 

45 bore surface of a silica glass tube; or 
46 
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47 (b) The dielectric layers of the cadmium and lead 

48 sulfides can be applied to a metallic surface, 
4 9 for example, metals selected from a group 

50 consisting of Ag, Au, Cu, Pt, Ni, Pt, Mb, and 

51 ■ Al, which has been smoothly coated upon the 

52 smooth inner bore of the silica glass tube. 
• - 53 

54 A protective polymer coating is layered upon the outer 

55 surface of the tube in both embodiments. The dielectric 

56 layers of this invention comprise CdS and PbS, which form a 
_*57 unique compatibility pair, in which deposition of each 

58 material does not affect the underlying layer. These paired 

59 " sulfides can be stacked in multiple, thin film layers to 

60 . provide specific and unique characteristics. The sulfide 

61 layers are deposited using similar- liquid-phase chemistry 

62 taught in the prior patents. The thickness of each layer can 

63 be tailored for use over a wide range of wavelengths. The 

64 measured losses for a single layer of CdS or a PbS film 

65 deposited over an Ag layer was in agreement with the prior 

66 Ag/AgI film studied at 10.6iim for applications using C0 2 IR 

67 lasers. 
68 
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69 The CdS and PbS materials have disparate refractive 

70 indices with a ratio of about 2 to 1 . This is often referred 

71 to in this technology, as the index contrast ratio. The high 

72 contrast of this layering makes possible a photonic bandgap 

73 hollow fiber. The deposit of the cadmium sulfide layer 

74 provides the transmission in the visible region. 
75 

76 Discussion of Related Art : 
77 

78 V Prior-art hollow waveguides can provide poor beam quality 

=79 (pofc^transverse spatial coherence) . FfS^i2B of Gregory & 

80 > Harringtoi^and FfSS^Jand 6 of Croitoru et al., <C 

81 "Characterization of hollow fibers for the transmission of 

82 infrared radiation", Appl. Opt. v. 29, 1805-180.9 (20 Apr., 

83 1990) and Dror et al., "Hollow Tubes for Transmitting IR Laser 

84 Energy for Surgery Applications", presented to ICALEO '89 

85 (15-20 Jan., Los Angeles), are representative of the 

86 characteristics of prior art hollow waveguides. 

87 United States Patent Nos. 5,815,627; issued: September 

88 29, 1998; 5,567,471, issued: October 22, 1996; and 5,440,664; 

89 issued: August 8, 1995, depict Ag/AgI film waveguides. ■ 

90 Typically, waveguides such as are disclosed in Matsuura & 

91 Miyagi, "Low-loss metallic hollow waveguides coated with 
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92 durable and nontoxic ZnS 11 , Appl . Phys. Lett. v. 61, 1622-1623 

93 (5 Oct., 1992) is superior. Waveguides with metal tube walls 

94 that serve as the supporting structure for any coatings (such 

95 as disclosed in U.S. Pat. No. 5, 005, 944, issued to Laakman et 

96 al., and U.S. Pat. No. 4, 913,505, issued to Levy f 505) may be 

97 capable of handling substantial power, but are semi flexible 

98 at best. Those with plastic tube walls (such as disclosed in 

99 U.S. Pat. No. 4,930,863, issued to Croitoru et al.) are 

100 flexible, but have marginal power-handling capability at best 

101 and high loss. Yet-earlier devices such as disclosed in U.S. 

102 Pat. No. 3, 436, 141, issued to Comte, U.S. Pat. No. 3, 583, 786, 

103 issued to Marcatili, and U.S. Pat. No. 3, 963,828, issued to 

104 Onoda et al., have not proven useful for the applications of 

105 present interest at the wavelengths of present interest. 
106 

107 Hollow waveguide fibers having an index of refraction 

108 less than one, have not yet attained both transmission 

109 characteristics and flexibility required for many 

110 applications. However, in other respects these waveguide 

111 fibers are quite satisfactory at selected wavelengths. See 

112 Gregory & Harrington, "Attenuation, modal, and polarization 

113 properties of n<l, hollow dielectric waveguides", Appl. Opt..- 

114 v. 32, 5302-5309 (20 Sept., 1993). 
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115 

116 As aforementioned, the current invention is an 

117 improvement over the waveguide devices of the prior aforesaid 

118 Harrington patents. 
119 

120 The present invention has made loss measurements at key 

"121 laser wavelengths, e.g. as a C0 2 laser waveguide. The current 

122 invention provides a flexible, hollow, waveguide, and method 

123 for making same. The waveguide tube meets the need for a 

124 flexible, visible and IR region, laser transmission medium 
1-25 having a relatively low loss. 



' 126 
127 



128 

130 SUMMARY OF THE INVENTION ^ 

131 

132 In accordance with the present invention, there is 

133 featured a flexible, hollow waveguide for the transmission 

134 of radiation in the infrared and visible regions, and a 

135 method of making same. The waveguide comprises a hollow, 

136 flexible, silica-glass tube having a transparent annular .. - 

137 body defining a bore with a smooth inner bore surface. In 
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138 a first embodiment, a reflective, thin film, metallic 

139 layer, consisting of a metal selected from a group of 

140 metals consisting of: Ag, Au, Cu, Ni, Pt, Mb, Zn, and Al, 

141 is coated upon the smooth inner bore surface of the silica- 

142 glass tube. A single, thin film cadmium sulfide dielectric 

143 layer, or a pair of thin film dielectric, cadmium and lead 
.'144 sulfide layers respectively, , are then disposed upon said 

145 reflective layer. Cadmium sulfide transmits radiation in 

146 both the visible and infrared region. This pair of sulfide 

147 layers has disparate refractive indices with a ratio of 
1-4 8 approximately 2:1, which is vital to provide high 

149 contrast, and to fabricate a photonic, bandgap, hollow 

150 waveguide tube. In a second embodiment, no metallic layer 

151 is used, and the. pair of thin film cadmium and lead sulfide 

152 layers is multiply stacked directly upon the smooth, inner 

153 bore of the silica-glass tube. 
154 

155 The thin films are deposited using dynamic wet chemistry, 

156 and the thickness is tailored to minimize the attenuation 

157 of the waveguide over specific infrared wavelengths. 
158 

159 It is an object of the present invention to provide -su^T, 

160 improved flexible, hollow waveguide. 
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161 

162 It is another object of this invention to provide a 

163 flexible, hollow waveguide comprising a photonic, bandgap 

164 hollow fiber. 
165 

166 It is yet a further object of the current invention to 

" "167 provide a flexible, hollow waveguide, which transmits 

168 radiation in both the visible and infrared region. 



169 
170 
L71 
172 
173 



174 . jfyw"^ 

17 5 BRIEF DESCRIPTION OF THE DRAWINGS 

176 

177 A complete understanding of the present invention may be 

178 obtained by reference to the accompanying drawings, when 

179 considered in conjunction with the subsequent detailed 

180 description, in which: 
181 

182 FIGURE 1 depicts the growth kinetic graph of the thin .. 

183 films deposited in the Ag coated 1,000-um bore waveguide; 
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184 

185 FIGURE 2 shows the graph of the UV-VIS spectra of a 

186 1,000-um bore Ag/CdS waveguide 
187 

188 FIGURE 3 illustrates the graph of the FTIR spectra of a 

189 1,000-um bore Ag/Pbs waveguide; 
:190 

191 FIGURE 4 depicts a graph of the cross-sectional FESEM 

192 image of a 1,000-um bore Ag/CdS/PbS waveguide; 
193 

194 FIGURE .5 shows a graph of the FTIR spectra of a 1,000-um 

195 bore of Ag/CdS and Ag/PbS, Ag/CdS/PbS and Ag/CdS/PbS/CdS 

196 waveguide; 
197 

198 FIGURE 6 illustrates a partial schematic view of the 

199 first embodiment of the waveguide of this invention; 
200 

201 FIGURE 6a depicts a partial schematic view of the second 

202 embodiment of the waveguide of this invention; 
203 

.204 
205 
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205 DESCRIPTION OF THE PREFERRED EMBODIMENT ^ Cdff& 

206 

207 Generally speaking, a flexible, hollow, waveguide is 

208 featured, that functions in the infrared and visible regions. 

209 The waveguide comprises a hollow, flexible, silica-glass tube 

210 having a smooth borethat is coated in one embodiment with a 
"211 reflective, metal substance on the inner bore surface. A pair 

212 of sulfide materials respectively of cadmium and lead sulfide, 

213 is then layered over the reflective substance. The sulfide 

214 materials form a high contrasting refractive index of 

215 approximately 2:1, thus creating a photonic, bandgap tube. 

216 In a second embodiment, the metallic layer is not used, and 

217 the pair of sulfide layers is singularly or multiply stacked 

218 directly upon the bore. 
219 

220 There are two embodiments of the invention. The first 

221 embodiment fabricates, the waveguide by liquid phase deposition 

222 of a metallic, reflective layer, usually Ag upon the smooth 

223 inner bore surface of the silica-glass tube. Other metals of 

224 choice such as Au, Cu, Ni, Pt, Zn, Mb, Al, etc., can also be 

225 used. Then, a single or pair of sulf ide-containing 

226 dielectrics is coated over the metal. In the second 

227 embodiment of the invention, no metallic or reflective layer 
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is deposited, and only pairs of sulf ide-containing dielectric 
films are coated upon the smooth inner bore. 

Now referring to FIGURE 6, a first embodiment of the waveguide 
1 of this invention is illustrated. The waveguide 1, 
comprises a silica-glass tube 3, having a thin-wall of 
approximately 50 to 200 microns wall thickness, and a smooth 
inner bore. A reflective, metallic layer 4 is coated over the 
smooth bore using liquid phase chemistry, as taught in the 
aforementioned patents. The reflective layer may comprise Ag, 
Au, Ni, Cu, Al, Pt, Zn, Mb, etc. A single layer of cadmium 
sulfide, or paired sulfide composite of cadmium sulfide and 
lead sulfide, respectively, is layered over the reflective 
layer 4. The sulfide composite comprises respective layers . 5 
and 6, of cadmium and lead sulfides. The sulfide materials 
form a high contrast, refractive index of approximately 2 : 1 
creating a photonic, bandgap tube. The silica-glass tube 3 is 
covered with an outer layer 2 of plastic for protection. 

Referring to FIGURE 6a, a waveguide ^ is shown having a 
flexible, hollow, silica-glass tube frl^ upon which is stacked 
at least one pair of cadmium and lead sulfide layers 3^ and. 

fax 

-T4»T respectively. A multiplicity of pairs of cadmium and lead 
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252 
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260 
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266 
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sulfide layers and J>^ can be deposited over the first pair, 
as shown in phantom. 




1. A smooth, inner bore surface 3 of a flexible 

hollow tube 2 of a waveguide 1, is coated with a 
metallic, reflective layer. 4 of silver. The 
silver layer 4 was then coated with cadmium 
sulfide to form layer 5, and then coated with 
lead sulfide to form layer 6. Each layer was 
coated using liquid phase chemistry, utilizing a 
peristaltic pump. The flow rate of the 
solutions through the hollow tube was chosen at 
30 ml/min. 

The cadmium sulfide coating was applied over 
the Ag coating, using one of the two chemical 
baths. 

1. I) Cadmium Nitrate 0.1 M, II) thiourea 0.5 M - 

this is considered a full concentration 

solution. For most depositions, the 

concentration was reduced to 1/2 to l/6\_.;the 

full concentration. 
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274 2. I) Cadmium acetate 5mM, II) thiourea lOOmM. 
275 

276 All the coating solutions were prepared in 

277 distilled and deionized water. The solutions are 

278 prepared using an ultrasonicator or a magnetic 

279 stirrer. 

280 The Cd ion containing solution is complexed 

281 with ammonium hydroxide solution. Initial addition 

282 of ammonia will form a white precipitate of Cd(0H) 2 

283 and the solution becomes turbid. With further 

284 addition of ammonia dissolves the white precipitate 

285 and forms a soluble Cd-ammonia complex. The solution 

286 pH is maintained between 10 and 13 using sodium 

287 hydroxide solution and nitric acid as titrating 

288 agents. The second solution of sulfide ion is 

289 prepared by dissolving thiourea in water. The two 

290 solution's were then flowed through the hollow tube 

291 . and coated the Ag. The complexed Cd ion solution 

292 reacts with the sulfide ion containing solution to 

293 deposit thin film of CdS. The hollow tube was dried 

A 

294 in flowing air. 

295 2. For deposition of PbS thin films, lead nitrate was " 

296 used as the source of Pb ions and thiourea or a mix of 
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298 
299 
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thiourea and thioacetamide was the source of sulfide 
ions- All the solutions were prepared in distilled and 
deionized water (DI) . The solutions, are prepared using 
an ultrasonicator or a magnetic stirrer. The chemical 
bath used for the deposition of lead sulfide is as 
given below: 

Solution 1: A)"Pb(N0 3 ) 2 : 4g / 500 ml; b) NaOH: 12 
g/500mlj and 

Solution 2: thiourea: 6g/ 1000 ml or thiourea 4g and 
thioacetamide 2 g to 1000ml of water, ^ 
The NaOH . solution is slowly added to the Pb(N0 3 )2 
solution while continuing to stir. Initially the 
solution turns turbid due to the precipitation of 
Pb (OH) 2. which dissolves to form a soluble Na-Pb- 
hydroxide complex on further addition of NaOH. The 
complexed lead ion reacts with a sulfide ion in 
solution to form PbS. Deposition of PbS requires that 
the solutions containing Pb and S ions are 
supersaturated in order to precipitate out in solution 
and nucleate heterogeneously on the substrate. The 
bore surface of the waveguide was coated with the 
solutions using the peristaltic pump as previously 
shown. Surfaces were air dried. 

14 
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320 



321 3. Infrared and visible region investigation of Ag/CdS, 

322 Ag/PbS, Ag/CdS/PbS and Ag/CdS/PbS/CdS waveguides, as 

323 can be observed with reference to the FIGURES 1 

324 through 3 and 5^ W V U Vi«J ie. A^^cTlttA 
325 

" 326 In the original "work on omni directional waveguides authored T5y 

327 Fink, et al.*^ an all-dielectric structure of alternating low/high 

A 

328 index films was described. In this invention, use of a metallic 

329 film in conjunction with a multilayer dielectric stack means that 

330 the waveguide will need fewer dielectric layers to achieve the same 

331 loss as an all dielectric omni directional structure. CdS and PbS 

332 films are transparent in the 2 to 12 pm region. The refractive 

333 indices of CdS and PbS are 2.25 and 4.27 at 1.55 ]im and 2. 25. and 

334 4.0 at 10.6 yim, respectively. This gives an index contrast of 

335 4.27/2.25 = 1.9 at 1.55 pm and 1.78 at 10.6 pm. These two 

336 dielectric materials and other sulfides such as ZnS and ZnSe may be 

337 deposited in thin film form using straightforward solution 

338 chemistry methodsjp^-. Furthermore, these two materials are 

339 compatible, and the wet chemistry methods used to deposit both 

340 films are similar 1 ^*/" 7 ' 0 : 
341 
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342 \_. Dielectric-coated metallic hollow waveguides of this invention are 

343 designed to minimize the attenuation of the waveguide over a 

344 particular IR wavelength region by optimizing the thickness of each 

345 dielectric layer. The well-established theory of Miyagi and 

> , {\Y#r* ve£>3 A*- Sty vi) 

346 Kawakami^? was used to calculate the expected losses for multilayers 

347 of CdS and PbS coatings. Using this theory, and the n and k values 
."348 for CdS and PbS, the losses for single and multilayer films at both" 

34 9 1.55 and 10.6 urn were calculated. The calculations at 10.6 urn show 

350 that a 1,000-um bore of a hollow glass waveguide with a 3-layer^e^e-: 

351 of CdS/PbS/CdS films deposited over Ag will have a straight loss of 
3*2 0.016 dB/m compared to a straight loss of 0.07 dB/m for a single 

353 layer CdS film deposited over Ag. That is, the , calculated 

354 ' attenuation coefficients are approximately four times less for the 

355 three layer design, compared to a single dielectric layer at 10.6 uny 
356 

357 As aforementioned, hollow glass waveguides are prepared in a 

358 two step process in which an Ag film is first deposited on the 

359 inner surface of the silica tubing and then a dielectric layer of 

360 CdS or PbS is deposited on top of the metallic layer. For 

361 multilayer dielectric structures, sequential deposition of 

362 alternating low/high films leads to the structures, Ag/CdS., 

363 Ag/CdS/PbS, and Ag/CdS/PbS/CdS . The Ag film is deposited on the 

364 inner surface of the silica tubing using a liquid-phase reduction 

16 

Docket No. RU-03-084 



reaction typical of that used in the prior potent s — to IiaL - i - irigtoi n . 

using Ag/AgI hollow glass waveguides [ ™p?& . The thickness . of the ' 

A 

Ag film is chosen to sufficiently thick to prevent any 

transmission through the film, but thin enough so that the 
surface roughness is as low as possible. Specifically, the 
thickness of the Ag film is chosen to be at least ten times the 
skin depth at 10. 6" jam. The skin depth of an Ag film at 10.6 
is 12 nm. In all the experiments CdS and PbS have been deposited 
on Ag films that vary in thickness from 150 to 200 nm. At this 
thickness the Ag films are quite smooth (< 12 nm rms roughness) 
and, therefore, they provide a good surface for the deposition of 
the dielectric layers. A very important feature of the CdS and 
PbS coatings is that they are additive and, thus, independent of 
the Ag film. This is in strong contrast to the waveguides made 
using Agl coatings'JJJ^ Agl is deposited in a subtractive 

process in which Agl is formed by the diffusion of iodine ions 
into the underlying silver film. Therefore, to produce a thick 



dielectric layer of Agl will require a thick starting layer of 

oy\^ ' U^y , L &#+T IT An- ify W 

fe^^article by Rabii and Harrington 17 ^ 



Ag. In fe^^article by Rabii and Harrington 1 ^ have shown that the 
surface roughness of both the Ag and the Agl film increases with 
increasing thickness of the Ag layer. 




Additional Examples Yyfyih fftMj 
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Docket No. RU-03-084 



388 

389 As aforementioned, CdS and PbS thin films were deposited using 

390 a wet chemistry deposition technique l r . Cadmium nitrate and 

A 

391 cadmium acetate are used as the source of Cd ions; lead nitrate 

392 the source of Pb ions; and thiourea, (SC(NH 2 )2)/ the source of S 

393 ions. It is important to accurately control pH of these 

" 394 solutions, since the CdS and PbS precipitates are stable only iriT 

395 the pH range 10 to 13 . pH ' control and chelating is achieved^ 

A 

396 using an ammonia solution for CdS and sodium hydroxide for PbS, 

397 Specifically, the pH for aqueous Cd(N0 3 ) 2 is maintained between 11 

398 and 12. Owing to the fact that the reaction rate .also changes 

399 with the pH, it is necessary to calibrate the process for a given 

400 pH range. The thickness of both CdS and PbS increases . with 

401 increasing concentration of Cd, Pb and S ions in solution and 

402 with increasing deposition time. From a study of the growth 

403 kinetics for both CdS and PbS thin films, it has been 

404 established, that- the optimal concentration and flow rate 

405 conditions for uniform film deposition for tubing require lengths 

406 greater than 1.5 m. The best coatings were made using > 0.01 M 

407 solutions and pumping rates of 30 ml/min. 

408 ; 

409 The multilayer dielectric structures of Ag/CdS/PbS and. - 

410 Ag/CdS/PbS/CdS, were prepared in a manner similar to the single- 
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416 
"417 



411 layer dielectric metallic waveguides. The different layers were 

412 coated in a sequential manner with an intermediate drying step 

413 after coating each layer. An Ag-only tube was coated with a 

414 single layer of either CdS, or PbS, when the 2- and 3-layer 

415 structures were being coated as an independent check on the %\ 
thickness for each layer. . 

418 Optical characterization of Ag/sulfide film Waveguides | 

N S V ^ i > y Y — ^ — f y/ A 

419 

420 The spectral characteristics of the Ag/CdS and Ag/PbS hollow 

421 glass waveguides were evaluated using a Perkin Elmer UV-VIS 

422 spectrometer, and Nicolet Protege FTIR. A typical spectral 

423 response shows interference peaks, which depend on the thickness 

424 of the dielectric thin films. The thickness of a single layer 

425 dielectric, "d", was calculated from the peak position of the 

426 longest-wavelength interference band, A p (m) , using the relation^, 

A 

428 where m is the order of the interference maxima (m = \£or the 

429 longest-wavelength band) ; X p is the wavelength of the m th 

430 absorption peak; and ni is the refractive index of the dielectric '•" 

431 film. From ps£ (1) it is observed, that the peak -position ' 

432 shifts to longer wavelengths as the thickness of the film 
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434 
435 
436 
437 
438 
'439 
440 



441 

442 
443 

444 

445 
446 
447 
448 
449 



increases. Spectral data has been used to determine the 
thickness of films prepared using different growth kinetics. The 
film thickness obtained from the optical measurements has then 
been correlated with direct thickness measurements using a; 
field-emission scanning electron microscope (FESEM) . In this 
way one obtains the growth kinetic curves for CdS and PbS 
deposited on Ag, K shown in rig. 1. Rjv<f&./, ^ 




10 20 30 \40 

Deposition Time (mins) 




-Fi-€h— i 54-re-^growth . kinetic curves of the CdS and PbS thin films 

deposited in a Ag coated, 1, 000 urn bore Hollow Glass Waveguide. 

►The^ ooloj indicatod io the color^that one would see looking 
through the waveguides with an optical micros soeer wof^^, OvH^ 

All films were prepared using 0.01 M solutions and a- flow rate 

of 30 ml/min. The growth kinetics curves in -P-lg»- 1 indicate that 

A 
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472 





CdS (open symbols) has a slower growth rate on Ag compared to PbS 
(solid symbols) under similar conditions. The reason for the 
slower growth rate for CdS compared to PbS, is that the CdS 
complexes with the ammonia used in the deposition and this 
decreases the rate of deposition. The data also shows that the 
thickness of both dielectrics increases linearly with time, with 
growth rates of ~ 2.3 and 6.9 nm/min for CdS and PbS," 
respectively. The mechanism for linear growth is based on- the 
Stransi-Krastanov model of island-like growth^r. This mechanism/ 
involves nucleation and growth in the linear growth region. This 
information is important as we need to carefully control film 
thickness . for single and multilayer structures. The UV-VIS 
spectra for the Ag/CdS is given in &g-r— 2rry and the FTIR spectra 
for the Ag/PbS in F-£g^ 3 . The spectral data clearly show that the 
position of the interference peaks ^shifts to longer wavelengths as 
the thickness of the film increases as predicted by Bc£. (1) . It "S§r" 
also t¥ 5Tcd tjpem the irre e-rt pho -fe& s in-?Fig. 2 7 that the Hollow Glass <■ 
Waveguides show a color variation. This is due to selective 
filtering of the input white light by the thin film coating 
(interference effect). This color variation is seen with the CdS 
coatings, but not the PbS films, because these films do not 
transmit well at visible wavelengths. 
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476 



473 The thickness of the thin films was obtained by direct 

474 measurements using a FESEM. A photomicrograph taken with the 

475 FESEM for a typical cross-section of the thin film combination. 
Ag/CdS/PbS .is shown in 4. The CdS film appears darker than . 

477 the PbS film, because the in-lens detector produces a negative 

ftlx^ v ^ sw^dt M * w**w\ «^ tt e 

478 image of the secondary electron image. The thicknesses of the 
■479 films shown in "Fiij* 4 are; Ag 154 ran, CdS 169 ± 16 nm, PbS 82 ± 6 

480 nm. Degradation was not observed for the underlying film, when 

481 the new film is deposited over it. That is, CdS and PbS do not 

482 react with each other during the deposition of successive layers. 
4*83 The film thickness measured from t)^ FESEM micrographs- of both 

/ 

484 single and multilayer dielectric, film are summarj^d.-in --Tabre~-^ f 

485 below. These results agree very well with the optical thickness 

486 measurement. . . 



487 Table 2L Thickness values for CdS and PbS thin films oh Ag 

488 ' \ . determined from FESEM images 

Thickness of Thickness of Thickness of 7 ^ 



HGWs Ag CdS PbS 

nm nm nm 



f H T F Ag/CdS 156 172 ± 16 — ft t 

Ag/PbS 158 — 96 ± 16 



Ag/CdS/P 154 169 82 ± 6 

tr^ n — — : 
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490 



A series of 1, 000-um-bore HGWs with 1, 2, and 3 dielectric layers 



4 91 deposited over Ag were fabricated using wet chemistry methods [8, 



492 11]. The spectral losses for these straight waveguides are shown! 

4 93 in Fa^tjf 5. From F^gU 5, it may be seen that the addition of each 

* * g>, 57, gflj hg^m/ejy 

4 94 dielectric layer shifts the interference peaks to longer / 

— A. 

4 95 wavelengths. This is a result of the increase in thickness with 

496 each additional layer. 



497 



498 The thickness of each dielectric layer was determined from a wi- 

A 

sample composed of each dielectric layer deposited separately or. 

These witness samples were deposited along with the multilayer waveg- 

501 From the witness samples we determined the thickness of the indiv 

. A. 



499 
500 



502 



. layers using the position of the long wavelength . interference, "peak 

UtW-sd^ (1) . The thicknesses obtained were; Ag 200 nm, CdS (adjacent tc 
|\ /V ~ • 

504 ftr?) 156 nm '' Pbs 87 nm ' and cds ( nex t to air) 97 nm. The thickness value 



503 



j^ CdS and PbS i a y ers measured optically agree very well with^ f 
506 measurements and are within experimental errors as shown in Table^f^ 



507 5 we see that this waveguide is best suited for operation bey'c 

508 




509 



Losses measurements were made at 1.55 um using a diode laser rather^ 

510 a C0 2 laser at 10.6 um where the HGWs would ultimately be mos^t^^ 

511 The reason for using a 1.55 um laser was that we were / int creates 
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512 



513 



0^ 

developing a new waveguide for secure communication systems at 1.55 

Clearly, solid-core silica fibers are a-' better choice for , 

514 t^^applications at 1.55 jam. The output of the diode laser was ^ : 

CJ^pigtailed single mode fiber terminated with a Selfoc lens. The spec 

response of the HGWs chosen for loss measurements was similar to 

>^shown in Fij& 5. In general, coating thicknesses were not optimized 
A Is ... __ ._ 

SfXs lowest loss at 1.55 um; however, as may be seen from the cut-back 

t, the lbs 



515 
516 
517 
"518 
519 
520 
521 
522 



data given in Table 2, 



sses were still quite low. The^ mcQC 



losses in Table 2 may be compared to the theoretical losses Gdietria^e 



both 1.55 and 10.6 pm using the n and k values of the dielectric^ 
BVft^and the theory of Miyagi and Kawakami f£] . The losses at 1.55 um are 
523 W" v rff\ when PbS is used because k is rather large at this wavelength fr fc= -Q • 
At 10.6 um k for PbS is 0.008 and the calculated loss tor . A ij /Cag/ gbS 
is over four times less than for Ag/CdS. The bending losses .for 
J^waveguides were not measured. It is well known that there is 
additional loss on bending for non-omni directional waveguides, «w. 
varies as 1/R, where R is the radius of the bend ££23. Since - 
529 O^X'waveguides have no more that 3 dielectric layers it is expectidfeEa. 

would not observe omni directional behavior rather there would -b*. 



524 
525 
526 
527 
528 



530 
531 

532 
533 



added loss on bending. 

'Table 2 Loss values for 1,000-um bore HGWs with 1, 2, and 3-layer. 




Docket No. RU-03- 



534 



536 



545 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 

560 



1 




Multilayer 


Measured 1« 
jam, 


Theoretic 
1. 55 y 


Theoretic 
10 . 6 | 


Ag/CdS 


0.2 i 


2 . 7 


7 . 0 


Ag/PbS 


0.26 : 


2.5 


7.3 


Ag/CdS/PbS 


0.1 i 


8.6 


3.3 


Ag/CdS/PbS/Cc - "- 


0.06 : 


6.7 


1.6 



Conclusions 



<& 



^demonstrated that liquid-phase chemistry methods can be used to 
deposit good optical quality CdS and PbS thin films to form both 
single and multiple dielectric/metallic HGWs. The spectral response 
for waveguides with these films deposited over Ag show well defined 
interference bands indicating good film thickness uniformity over the 
entire length of the guide. Varying the deposition time controls the 
position of the interference peaks. Furthermore, we have found that 
CdS and PbS are compatible and the deposition of each material does 
not affect the underlying film. In this way the thickness of each 
layer in the multilayer "stack can be tailored for use over a wide 
wavelength range. The final 3-layer stack showed that' it is possible 
to make a multilayer coating but we have yet to reduce the 
attenuation to the level predicted by theory. Moreover, the measured 



losses for the single-layer CdS or PbS films at 1.55 are in 

general agreement with the well studied Ag/AgI HGWs at 10.6. pm f^Z] . 

- / 

In reality, the greatest potential for these waveguides is likely to 
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564 

565 
566 

567 

568 

569 \/f. 
570 
571 

572 ^ 

573 

574 

575 5. 

576 

577 

578 

579 

580 

581 

582 

583 



be at 10.6 jam for applications involving C0 2 laser power delivery and 
IR fiber sensors. 
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X Since other modifications and changes, varied to fit 
particular operating requirements and environments will 
be apparent to those skilled in the art, the invention is 
not considered limited to the example chosen for purposes 
of disclosure and covers all changes and modifications 
which do not constitute departures from the true spirit 
and scope of this invention. 



Having thus described the invention, what is desired to 
be protected by Letters Patent is presented in the 
subsequently appended claims. 
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Pg. ftvHN<5S 



dS and PbS thin films were deposited using a wel eheuiisiry deposition (echnique f^J. 
Cadmuim nitrate and cadmium acetate are used as the source of Cd tons; lead hilrate/the 
source olPb ions; and thiourea, (SC(NH 2 )2)> the source of S ions, it is important to accurately 
control pnl of these solutions since the CdS and PbS precipitates are stable only iry the pl-1 
range 10 to^X pH control and chelating is achieved using an ammonia solution for CdS and 
sodium hydride for PbS. Specifically, the pH lor aqueous Cd(NOi)? is maintained between 
11 and J 2. SinceNJhe reaction rate also changes with the pH, it is necessary ip f calibrate the 
process for a given^oH range. The thickness of both CdS and PbS increases/with increasing 
concentration of Cd, Kb and S ions in solution and with increasing deposition time. From a 
sludy of the growth kinb^ks for both CdS and PbS thin films, we havc^cslablished optimal 
concentration and flow m&sconditions for uniform film deposition for tubing with lengths 
greater than 1.5 nx The best cfcatings were made using > 0.0"! M solutions and pumping rales 
of 30 ml/min- 

The multilayer dielectric structures of Ag/CdS/PbS and Ag/CdS/PbS/CdS, were prepared 
in a manner similar to the single-la^cr dielectric metallic^waveguides. The different layers 
were coated in a sequential manner wilK^n intermediate drying step after coating each layer. 
An Ag-only tube was coated with a singlclaver of either CdS or PbS when the 2- and 3-layer 
structures were being coated as an indepcnderh\chee£ on the thickness for each layer. 

3. Optical characterization of Ag/suifide fiUrifiGWs 

The spectral characteristics of the Ag/CdSyand Ag/PbS^iGWs were evaluated using a Perkin 
Elmer TJV-V1S spectrometer and Nicojct Protege FTIk\A typical spectral response shows 
interference peaks which depend on the thickness of the dielectric thin films. The thickness of 
a single layer dielectric, d y was calculated from the peak position of the longest-wavelength 
interference band, l p (m K using thtf^elaUon [12], 

d = j r > 

where m is the ordei/oJ the interference maxima ( w = ] for the longest Wavelength band); Xp 
is the wavelength/of the m ih absorption peak; and n f is the refractive index of the dielectric 
film. From EcK/ff) we see that the peak position shifts lo longer wavelengths a$*hc thickness 
of {he film increases. Spectral data has been used to determine the thickness of films prepared 
using different growth kinetics. The film thickness obtained from the optical measurements 
has thenhcen correlated with direct thickness measurements using a field-emission scai\ning 
electron microscope (F1ESEM). Tn this way we obtain the growth kinetic curves for CdS and 
"Eb§ deposited on Ag, shown in Fig. 1 . 

300 



(1) 



\ 




20 3a 40 

Deposition Time (mins) 



50 



I Tho giwtfl kmcttcjAwves of IheCdS^nd PbSprtfTfiliis deported iu a Ag^coaUd, 
KOl^m borc&iWsi 'rhcydtfur fmJicatSfKf the jtolnr^ftat one wjultj^loo^ugltiroufilf thc^ 



f\Q. \ 



/bkfilms were prepared using 0.01 M solutions and a flow rale of 30 rnl/min. JTTje'gfowih 
kincQcsburves in Fig. I indicate lhal CdS (open symbols) has a slower growth rate on Ag 
compared to^iOjS (solid symbols) under similar conditions. The reasoj^orfhe slower growth 
rate for CdS colbpared to PbS is that the CdS complexes w^ih-tfie ammonia used in the 
deposition and thisdecTea^es the rate of deposition- The dlafca also show that the thickness of 
both dielectrics increases hne^vwith lime, with grpwffT rates of ~ 2.3 and 6.9 nm/min for 
CdS ajid PbS, respectively. The^Bie^anism^oinincar growth is based on the Slransi- 
Krastanov model of island-like ^owin^j^fhis mechanism involves nucleation and growlh 
and we are in the linear growth rc^n^hisimlbjmation is important as we need to carerully 
control film thickness for sujgle and m ultilaycrSiqielures. The UV-VIS spectra for the 
Ag/CdS is given in fig. Z^arfidthe FITR spectra for th>Ag£>bS in Fig. 3. The spectral data 
clearly show lhal uhejytfsition of the interference peaks shilfe-to^longer wavelengths as the 
thickness of the fiktflncreflses as predicted by Eq. (1). We also no^ftom the insert photos in 
Fig. 2 that t^e^HGWs show a color variation. This is due to selective filter^ig of the input 
white ln^rfDy the ihin film coating (interference effect). This color variation is^seen with the 
CdS^alings but not the PbS films as these films do not transmit well at visible wavelengths. 

ML 




2.0 2.5 3.0 3.5 4.0 
Wavelength, urn 



The ihicimess of ihe ihiii ffljns was obtained hydj^ct mea^sureme 
photomicrograph taken wj^the FESEi\Afor>*foical cross-? 
combination A#£dS/Pb£<s shown in Fig. 4Me CdS film appear 
because the in-le\s Mfcciot produces a ae^ati^t image of the 
thicknesses of thcVffflis shown in Ke/<are; A£U54 aid, CdS 
We do not seeirfiy\cgradation of>Hc underlying mmwhen tffe new 
That is, Cdj^and PbSdo not with each other durki 
The fihn/mickness nWsunHl Erom the FESBM microj 
didcyiflc film arc snim)jHanzed in Table 1. These 
tiess measurement 



ising a FfiSEM, A 
iectron 
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